ABSTRACT De novo lipogenesis (DNL) is an important physiological mechanism, but it is poorly understood in avian follicles. The protein distribution patterns of three key genes related to DNL (i.e., FAS, ACC, and PPARγ) were firstly determined in geese developing follicles using immunohistochemistry, and our results showed that all three proteins were present in both prehierarchical and hierarchical follicles. Furthermore, it was revealed by qPCR that transcripts of these three genes were widely expressed in theca and granulosa layers of all staged follicles; however, the expression of DNL-related genes in granulosa cell changed significantly (P < 0.05) after follicle selection (FAS and PPARγ) and before ovulation (FAS). It is suggested that the DNL mechanism may be closely related to the follicular selection, while FAS may be closely associated with ovulation and steroidogenesis. These results suggested that DNL exists throughout follicle development and it potentially have an important role in the process of follicular selection, development, steroidogenesis, and ovulation, especially in their granulosa layers. To further demonstrate this point, granulosa cells isolated from hierarchical follicles were cultured in vitro. By analyzing the mRNA and protein expression patterns of these three genes, the fatty acid synthase enzyme activity, the contents of extracellular triglyceride, and intracellular lipids, as well as the cell activity at different time points of in vitro culture (0, 6, 12, and 18 h). These findings not only ensured the existence of DNL in the granulosa cells of goose follicles, but also suggested the complex process of lipid metabolism that associated with DNL, may play an important role in cell proliferation and physiological functions. Taken together, we first confirmed the existence of lipid metabolism, especially the DNL in goose follicles, and further suggested its role in the follicles, especially in the granulosa cells.
INTRODUCTION
As a vital process of lipid metabolism, de novo lipogenesis (DNL) plays a key role in various physiological processes of multiple cell types. DNL is a metabolic process that synthesizes fatty acids from excessive carbohydrates through a series of key factors, including acetylCoA, malonyl-CoA, ATP-citrate lyase, acetyl-CoA carboxylase (ACC), and fatty acid synthase (FAS; Hellerstein, 1999; Wang et al., 2004; Strable and Ntambi, 2010) . These fatty acids are further converted and synthesized to triglycerides or cholesterol, which can be used by peripheral tissues by assembling into highdensity lipoprotein, low-density lipoprotein and very low-density lipoprotein particles (Ameer et al., 2014; Eissing et al., 2013; Siler et al., 1999; Wang et al., 2004) .
Previous studies have shown that DNL mainly occurred in the liver, adipose tissues, and skin, and the products were then transferred out to be stored and used in other tissues (Leveille, 1967; O'Hea and Leveille, 1969; Yeh and Leveille, 1973; Roberts et al., 2009) . However, in recent years, several reports have revealed that DNL also plays an important role in mammalian ovarian follicles, especially in granulosa cells. In 2003, peroxisome proliferator-activated receptors (PPAR), as key regulators of lipid metabolism, have already been detected in rat granulosa cells, and it was proved that PPAR could influence the differentiation of granulosa cells by suppressing aromatase (Lovekamp-Swan et al., 2003) . Transcriptome profiling in horse granulosa and theca cells suggested that lipid metabolism could affect the development and maturation of follicles (Donadeu et al., 2014) . Then, Zeron et al. (2001) and Sanchez-Lazo et al. (2014) have demonstrated that in bovine granulosa cells there was a complex lipid metabolism, including DNL and lipid oxidation. Furthermore, they clarified that lipid metabolism not only has a close relationship with the functions of granulosa and theca cells, but it also plays a key role during the development and maturation of oocyte.
Obviously, DNL in mammalian granulosa cells plays an essential role in various reproductive processes, including follicular development, proliferation, apoptosis, hormone synthesis, pathological change, etc. (Deniro and Epstein, 1977; Elis et al., 2015; Vanholder et al., 2005; Mai et al., 2006; Liu et al., 2009; Hu and Jie, 2011) . However, compared to the situation in mammals, DNL in avian granulosa cells may be much more complex because the development and maturation of avian follicles are accompanied with the accumulation of yolk that requires large amounts of lipids (Johnson, 2012; Schneider et al., 2009; Shen et al., 1993) . Moreover, there were reports showing that the polycystic ovary syndrome and ovarian cancer are associated with DNL (Kasimkarakas et al., 2004; Mai et al., 2006; Fritz et al., 2010; Rysman et al., 2010) , and chicken has been proved to be a unique experimental model for studying the spontaneous onset and progression of ovarian cancer (Johnson and Giles, 2013; Hawkridge, 2014) . All these findings suggest the importance of DNL in avian follicular granulosa cells. However, compared to mammals, investigations of the DNL in the avian ovary remain scarce. It is still unclear whether DNL occurs in avian granulosa cells and how it acts during the proliferation, apoptosis, steroidogenesis, and carcinogenesis of follicles.
Therefore, to explore the role of DNL in avian follicles, we took goose (Ansercygnoides) as our experimental model, since it requires greater amounts of lipids to be deposited in one formed egg compared to chicken. In the present study, we investigated that whether DNL exists in goose follicles of different stages and explored the characteristic of DNL in granulosa cells. These investigations will lay the root for elucidating the roles of DNL in avian granulosa cells in the future.
MATERIALS AND METHODS

Animals and Sample Collection
The healthy maternal line of Tianfu meat geese (Ansercygnoide), 35 to 45 wk of age and laying in regular sequences of at least 2 to 3 eggs, was used in this study. The geese were kept under natural light and temperature conditions at the Waterfowl Breeding Experimental Farm at Sichuan Agricultural University (Sichuan, China) and were provided unlimited access to food and water. Individual laying cycles were recorded for each goose, and all geese in the same laying cycle were euthanized by cervical dislocation 18 to 20 h after oviposition. Ovarian follicles collected from each ovary were categorized into different classes according to their diameter, including the prehierarchical (2 to 4, 4 to 6, 6 to 8, and 8 to 10 mm in diameter) and hierarchical (F5-F1, F1 > F2 > F3 > F4 > F5 in diameter) hierarchical follicles. For each sized follicle, the granulosa layer was separated from the theca layer according to a previously published study (Gan et al., 2017) . Isolated follicular cells were then rapidly transferred to the cold phosphate-buffered saline (PBS) for cell culture or snap-frozen in liquid nitrogen and finally stored at -80
• C for RNA extraction. Morphologically, normal follicles were characterized as previously described (Kovasc et al., 1992) . All procedures in this study were approved by the Laboratory Animal Operation Standard and Welfare Management Committee, Sichuan Agricultural University.
Histological Analysis and Immunohistochemistry
Hierarchical and prehierarchical follicles were both fixed overnight in 10% PBS-buffered formalin, dehydrated via an ascending series of graded ethanol solutions, and embedded in paraffin. Follicle samples were serially sectioned at 3 μm thickness and stained with hematoxylin and eosin. For immunochemistry, the sections were deparaffinized and rehydrated with xylene and an alcohol gradient. Sections were incubated with FAS (Abcam, diluted 1:200), ACC (CST, diluted 1:200), PPARγ (bioss, diluted 1:40) primary antibodies for 1 h at room temperature, followed by biotin-labeled secondary antibodies for 30 min. The staining procedure was performed using the Vectastain ABC kit and diaminobenzidine peroxidase substrate kit (Vector Laboratories; Fan et al., 2008) .
Granulosa Cell Culture
The granulosa layers separating from F5 to F3 follicles were washed with PBS (pH 7.4) and were then dispersed with 0.1% type II collagenase (Sigma). Cell viability was assessed by the Trypan blue dye exclusion test (Hu et al., 2014; Wen et al., 2015; Gan et al., 2017) . The cells were diluted to 5 × 10 5 /mL by Dulbecco's Modified Eagle's Medium/Nutrient Mixture (F12; containing 3% fetal bovine serum; Sigma) and then cultured into 6-well culture plates in a humidified atmosphere of 5% CO 2 and 95% air at 37
• C. The granulosa cells cultured in vitro after adherence was collected as the control group (0 h), and the cells at 6 h, 18 h, and 24 h (after cell adherence) were collected for RNA and protein extraction, determination of TG content, and the assay of FAS enzyme activity.
Cell Viability Assay
Goose granulosa cells were seeded at a density of 5 × 10 5 cells/mL in a 96-well plate at 6 h, 18 h, and 24 h, and cells viability was measured by a cell counting kit-8 (CCK-8) (Beyotime Biotech). After treatment, the cells were incubated with 10% CCK-8 dye for additional 2 to 4 h at 37
• C until an orange-colored product was yielded. The samples were measured absorbance at 450 nm by microplate reader. Each treatment had six replicates. 
FAS Activity Analysis
The FAS activity was measured at 37
• C by spectrophotometer at 340 nm of NADPH absorption. The reaction system contained 100 mM KH2PO4-K2HPO4 buffer, 1 mM EDTA, 1 mM dithiothreitol, 3 μM AcCoA, 10 μM Mal-CoA, 35 μM NADPH, and 10 μg FAS in a total volume of 2 ml as previously described (Soulié et al., 1984; Tian et al., 1985) . The assay for β-ketoacyl reduction activity of FAS was catalyzed by KR containing 100 mM KH2PO4-K2HPO4 buffer, 200 mM ethyl acetoacetate, 35 mM NADPH, and 20 μg FAS in a total volume of 2 ml (pH 7.0).
Oil Red O Staining and Intracellular Lipids Detection
Goose granulosa cells were stained by Oil Red O at 6 h, 18 h, and 24 h. Firstly, cells were washed three times with PBS and fixed by 4% formaldehyde for 30 min at room temperature. After that the cells were stained with 1% filtered Oil Red O for 1 h at room temperature, then washed by 60% isopropanol for 10 s to remove the free Oil Red O and rinsed with PBS. The characteristics of Oil Red O Staining of granulosa cells were collected by microscope (Olympus, Japan). After that, cell samples were put in 32
• C incubators to remove the PBS, and isopropanol was added to extraction the Oil Red O for 20 min. Then the stained Oil Red O were collected by isopropanol and transferred to 96-culture plates. Finally, the OD value of each well was measured at 510 nm by spectrophotometer.
Measurement of Extracellular TG Concentrations
The culture medium was collected to determine the concentration of extracellular TG. The content of TG was quantified by Triglycerides Assay Kit (Nanjing Jiancheng Bioengineering Institute, China) and measured by colorimetric method (Mourot et al., 2000) .
RNA Extraction and qPCR
Total RNA was extracted using Trizol (Invitrogen, USA) according to the manufacturer's protocol, and the quality was assessed by spectrophotometric absorbance at 260/280 nm. The RNA were reverse transcribed by a cDNA synthesis kit (TaKaRa). mRNA Levels of FAS, ACC, and PPARγ genes were detected using a SYBR PrimerScriptTM real-time PCR kit (TaKaRa) and CFX96TM Real-Time system (Bio-Rad, CA, USA). The PCR was operated in a 25 μl reaction volume, which consists of 2.0 μl cDNA, 12.5 μl of SYBR Premix EX Taq, 8.5 μl of sterile water, and 1.0 μl of each gene-specific primer. The raw results were repeated three times and normalized to β-actin and GADPH by the 2 − Ct method (Livak and Schmittgen, 2001) . Primers for these genes are listed in Table 1 .
Western Blot Analysis
Cellular proteins were extracted from goose granulosa cells with RIPA lysis buffer (Beyotime Biotech, China) and then15 μg of protein extracts were loaded per well and separated on 8% separating gel. After electrophoresis, proteins were electro-transferred onto the polyvinylidene difluoride membranes (Beyotime Biotech, China) at 300 mA for 2 h. The membranes were incubated in block buffer (Beyotime Biotech, Jiangsu, China) at 37
• C for 2 h and were then incubated with the primary antibody at 4
• C for 12 h. After being washed with TBS/Tween-20 four times (each for 10 min), membranes were then incubated with corresponding secondary antibodies at 37
• C for 2 h, and subsequently washed with TBS/Tween-20 four times (each for 10 min) followed by washing with TBS twice (each for 5 min). Finally, chemiluminescent signal was detected using ECL kit (Pierce, USA). The primary antibodies against FAS (diluted 1:1000), ACC (diluted 1: 1000), PPARγ (diluted 1:500) were used in this study. Horse radish peroxidase-linked goat anti-rabbit immunoglobulin G was used as secondary antibody (diluted 1:2000), and an antibody against actin (diluted 1: 1000) was used as a control reference. Image software (National Institutes of Health, USA) was used for densitometric analysis.
Data Analysis
These data were subjected to analysis of variance, and the means were assessed for significant differences using Duncan's Multiple Range Test. Results were expressed as mean ± SD, and P-values below 0.05 were considered as significant. All statistical analyses were performed using SAS 9.3 (SAS Institute, USA).
RESULTS
Immunohistochemistry of FAS, ACC and PPARγ in Pre-and Hierarchical Follicles
Results from immunohistochemistry of FAS, ACC, and PPARγ showed that both granulosa and theca layers were stained by FAS, ACC, and PPARγ antibodies in hierarchical and prehierarchical follicles (Figure 1 ), but they didn't exhibit any significant characteristic among these follicles.
Expression Profiles of FAS, ACC and PPARγ mRNAs in Different Staged Follicles
We measured the mRNA expression profiles of FAS, ACC, and PPARγ genes in both granulosa and theca Figure 2 . Expression profiling of FAS, ACC, and PPARγ mRNAs in either theca or granulsoa layers separated from goose ovarian follicles at different stages of development. Different superscript letters onto each bar indicate significant differences in the mRNA levels of each gene in either theca or granulosa cells of different sized follicles (P < 0.05). β-actin and GAPDH were used as the internal controls. F5-F1 represents the fifth to the largest hierarchical follicles.
layers at different time points by qPCR (Figure 2 ). According to the general trends, FAS, ACC, and PPARγ genes showed a higher expression in hierarchical follicles, especially in the granulosa layer. Expression of FAS in the theca layer did not show any obvious regular pattern; while in the granulosa layer, its expression level was significantly higher than the other stages in F5, F2, and F1. For ACC, in the theca layer, its expression in the 2 to 4 mm, F5 and F4 follicles was significantly higher than that in other staged follicles; while in the granulosa layer, its expression in the 6 to 8 mm, F5 and F4 follicles was significantly higher than that in other staged follicles; moreover, with the maturation of hierarchical follicles, its expression showed a downward trend. For PPARγ, its expression in F3 and F1 theca layers was significantly higher than the other stages, whereas in the granulosa layer, its expression level in F5, F4, and F3 follicles was significantly higher (P < 0.05) than that in other staged follicles, and similar to the ACC gene it showed a downward trend with the maturation of hierarchical follicles.
Activity of Granulosa Cells Cultured in Vitro
The activity of granulosa cells cultured at different time points (0 h, 6 h, 18 h, and 24 h) was shown in Figure 3 . Compared with 0 h, the activity of granulosa cells did not have any significant change before 18 h, but at 24 h, cell activity increased significantly, indicating that granulosa cells had a good state during in vitro culture.
Expression Profiles of FAS, ACC and PPARγ mRNAs in Granulosa Cells Cultured in Vitro
We measured the mRNA expression profiles of FAS, ACC, and PPARγ genes in granulosa cells by qPCR during in vitro culture (Figure 4 ). Compared with 0 h, there was no significant change in FAS, ACC, and PPARγ mRNAs expression at 6 h, but they all increased significantly (P < 0.05) at 18 h and 24 h. Besides, they all presented a similar expression pattern during in vitro culture.
Expression of FAS, ACC and PPARγ Proteins in Cultured Granulosa Cells
To detect the expression of FAS, ACC, and PPARγ proteins, we extracted the total proteins of granulosa cells at different time points and examined their protein expression by western blot. The results showed that all of them were expressed in granulosa cells ( Figure 5 ).
Determination of Intracellular Lipids and Extracellular TG Content, Oil Red O Staining and Assay of FAS Enzyme Activity in Cultured Granulosa Cells
We determined the enzyme activity of FAS, performed Oil Red O staining and measured intracellular lipids and extracellular TG content of cultured granulosa cells (Figure 6 ). It was found that there were lipids stained by Oil Red O in granulosa cells. In 0 h, the size of lipids was small, but as time went on, the lipids in granulosa cells gradually increased and plumped, then at 24 h, we could see that the lipids become full and bright (Figure 6a ). This finding was re-confirmed by the increased intracellular lipid content (Figure 6b) . Moreover, the extracellular TG and cellular FAS enzyme activity were also significantly increased (P < 0.05) at 24 h compared to the control group (Figure 6c and d) .
DISCUSSION
DNL is well known for its vital role in organism's physiological metabolism and energy homeostasis (Hellerstein, 1999; Siler et al., 1999) , However, some studies have recently proved that DNL also occurs in mammalian follicular granulosa cells and has an important influence on follicle maturation and steroidogenic process, as well as the ovarian diseases (Kasimkarakas et al., 2004; Vanholder et al., 2005; Liu et al., 2009; Roberts et al., 2009; Fritz et al., 2010; Johnson and Giles, 2013; Riley et al., 2013; Donadeu et al., 2014; Hawkridge, 2014) .
Although DNL is important for follicle maturation, there are very limited reports on DNL in avian follicles. In this study, we determined the distribution of DNL-related proteins (FAS, ACC, and PPARγ) (Eissing et al., 2013; Lodhi et al., 2012; Riley et al., 2013; Li et al., 2014) in goose prehierarchical and hierarchical follicles using the immunohistochemistry method (Figure 1) . The results indicated that DNL existed in both granulosa and theca layers of goose prehierarchical and hierarchical follicles. Moreover, expression of FAS, ACC, and PPARγ genes in follicles at different developmental stages (Figure 2 ) also confirmed the existence of DNL in both granulosa and theca layers throughout follicular development. In addition, differences were also observed in the expression of FAS, ACC, and PPARγ genes during the different stages of follicular development (Figure 2 ). These results suggested the importance of DNL during the development of goose follicles, which was, to some extent, similar to the situation in mammals (Lovekamp-Swan et al., 2003; Donadeu et al., 2014; Sanchez-lazo et al., 2014; Zeron et al., 2001; Vanholder et al., 2005) . Elis et al. (2015) have shown that the oxidation and synthesis of fatty acids are important for granulosa cell proliferation, steroidogenesis, and sustaining follicular growth, and treatment of C75 (an inhibitor of fatty acid synthesis through inhibition of FAS) can significantly decrease progesterone synthesis. Liu et al. (2009) have also revealed that changes in the expression of the transcription factor FOXO1 are related to lipid and steroid metabolism, since it would cause the same changing tendency in lipid and steroid syntheses. These reports altogether indicated that there is a close relationship between DNL and steroidogenesis in mammalian follicles. In the present study, we found that there were higher expression levels of FAS, ACC, and PPARγ in hierarchical than prehierarchical follicles, and they also had higher levels in granulosa than theca layers at most stages of follicles (Figure 2 ), which indicated that DNL plays a more important role in hierarchical than in prehierarchical follicles, especially in hierarchical granulosa cells. Combined with the characteristics of steroidogenesis in birds, there is a large amount of progesterone synthesized in the granulosa cells of hierarchical follicles, and the contents of steroids produced in granulosa cells were higher than in theca cells (the synthesized progesterone in granulosa cells can not only be used to maintain normal physiological functions, but it also can be used as the substrate for e synthesis of estrogen and androgen in theca cells; Porter et al., 1989; Nitta et al., 1991; Gómez et al., 1998; Lee et al., 1998 ), thus we predicted that DNL may also be closely related to follicular steroidogenesis in geese.
In the process of goose follicle development, the expression trend of the key genes (FAS, ACC, and PPARγ) of DNL are not consistent with the previously reported (Schadinger et al., 2005; Strable and Ntambi, 2010; Witte et al., 2015) that they are usually synergistic in DNL process (Figure 2) . FAS and PPARγ genes in this study had a higher mRNA expression (P < 0.05) in F5 follicle granulosa cells. With the development of ovarian hierarchical follicles, all of the FAS, ACC, and PPARγ genes expression gradually decreased in granulosa cells, but different from ACC and PPARγ genes, FAS had higher expression levels (P < 0.05) in F2 to F1 follicular granulosa cells, that is to say, the expression of DNL-related genes changed significantly (P < 0.05) in granulosa cells after follicle selection (FAS and PPARγ) or before ovulation (FAS; Figure 2 ).These results suggested that the DNL may be closely related to the process of follicle selection, while FAS may be closely associated with ovulation and steroidogenesis (Jamieson, 2007) .
The development and maturation of avian ovarian follicles are accompanied by the accumulation of yolk, which was mainly composed of lipids (Johnson, 2012) , and the capacity of lipid deposition is different in different staged follicles. For example, after the follicle has been selected, the ability of yolk deposition is significantly enhanced (Perry and Gilbert, 1979; Mcleod et al., 2014) , leading to increased lipid content in the yolk. However, in this study, the DNL process of both granulosa and theca layers showed no significant correlation with the ability of yolk deposition (Figure 2) . Therefore, we hypothesized that the DNL in the follicular walls may not be directly related to the process of yolk deposition.
We further isolated and cultured the granulosa cells of hierarchical follicles. The mRNA and protein expression of FAS, ACC, and PPARγ as well as the presence of extracellular TG and intracellular lipids all supported the existence of DNL in cultured granulosa cells (Figures 3-6) , and further indicated that there may be a series of complex lipid metabolism in granulosa cells (Deniro and Epstein, 1977; Chen and Jr, 2000; Takeuchi and Reue, 2009 ). Furthermore, the activity of FAS, the mRNA and protein expression of FAS, ACC, and PPARγ, and the contents of extracellular TG and intracellular lipids were all increased with increased activity of granulosa cells cultured in vitro, and these increasing trends were basically consistent (Figures 3, 4 , and 6). All these results implied that DNL may play a role in the process of lipid metabolism and further suggested the key role of lipid metabolism, particularly DNL, in the proliferation and physiological metabolism of goose follicular granulosa cells.
